The Rce1p protease is required for the maturation of the Ras GTPase and certain other isoprenylated proteins and is considered a chemotherapeutic target. To identify new small-molecule inhibitors of Rce1p, the authors screened the National Cancer Institute Diversity Set compound library using in vitro assays to monitor the proteolytic processing of peptides derived from Ras and the yeast a-factor mating pheromone. Of 46 inhibitors initially identified with a Ras-based assay, only 9 were effective in the pheromone-based assay. The IC 50 values of these 9 compounds were in the low micromolar range for both yeast (6-35 µM) and human Rce1p (0.4-46 µM). Four compounds were somewhat Rce1p selective in that they partially inhibited the Ste24p protease and did not inhibit Ste14p isoprenylcysteine carboxyl methyltransferase, 2 enzymes also involved in the maturation of isoprenylated proteins. The remaining 5 compounds inhibited all 3 enzymes. The 2 most Rce1p-selective agents were ineffective trypsin inhibitors, further supporting the specificity of these agents for Rce1p. The 5 least specific compounds formed colloidal aggregates, a proposed common feature of promiscuous inhibitors. Interestingly, the most specific Rce1p inhibitor also formed a colloidal aggregate. In vivo studies revealed that treatment of wild-type yeast with 1 compound induced a Ras2p delocalization phenotype that mimics observed effects in rce1 ste24 null yeast. The 9 compounds identified in this study represent new tools for understanding the enzymology of postisoprenylation-modifying enzymes and provide new insight for the future development of Rce1p inhibitors. (Journal of Biomolecular Screening 2007:983-993) 
INTRODUCTION

O
NE COMMON POSTTRANSLATIONAL MODIFICATION occurring in eukaryotic proteins is the covalent addition of an isoprenoid lipid. 1 This lipid modification can influence the membrane-partitioning properties of the lipidated protein and/or the ability of the modified protein to interact with other proteins. Isoprenylated proteins function in many cellular pathways and can have key roles in signal transduction. Commonly cited examples of isoprenylated proteins are the Ras and Rasrelated GTPases, Gγ subunits, nuclear lamins, and fungal mating pheromones, among others.
The precursors of certain isoprenylated proteins are readily identified by the presence of a highly degenerate C-terminally located tetrapeptide CaaX motif (where C = cysteine, a = aliphatic amino acid, and X = one of several amino acids). Proteins with this motif (i.e., CaaX proteins) undergo an ordered series of modifications ( Fig. 1) . 1, 2 The initial event is covalent attachment of either a C15 or C20 isoprenoid lipid to the cysteine of the CaaX motif. This is followed by an endoproteolytic event that removes the last 3 residues of the motif (i.e., aaX). The Ras-converting enzyme (Rce1p) and Ste24p can independently exact this cleavage event. 3, 4 These CaaX proteases are generally believed to have distinct substrate preferences, but at least 1 substrate, the yeast a-factor precursor, is cleaved by both enzymes. 5 The final modification involves methyl esterification of the newly exposed C-terminus by an isoprenylcysteine carboxyl methyltransferase (ICMT). All of the postisoprenylation-processing enzymes are integral membrane proteins that localize to the endoplasmic reticulum. 6, 7 Agents that interfere with the posttranslational modification of CaaX proteins are considered to be promising anticancer targets because CaaX proteins are involved in cellular transformation (e.g., Ras). 2 Farnesyltransferase inhibitors are the most advanced agents that have been developed for such anticancer strategies. 8, 9 Inhibitors of the CaaX proteases and ICMT have similar therapeutic potential and are being developed, but relatively few distinct agents have been reported. [10] [11] [12] [13] To date, Rce1p has been the primary CaaX protease target for inhibitor discovery because it is specifically required for the maturation of Ras, Rho, and other CaaX proteins. Although only 1 mammalian substrate has been characterized for Ste24p, the observation that certain disease phenotypes are associated with defects in Ste24p activity clearly illustrates a need for monitoring whether Rce1p inhibitors under development display any specificity for Ste24p.
The in vitro activities of the CaaX proteases have been traditionally investigated using both indirect and direct methodologies, typically using membranes enriched with the appropriate CaaX protease as the source of activity. Indirect methods rely on the observation that CaaX proteolysis and carboxyl methylation are tightly coupled sequential events. 16 By following radioactive methyl tracers or monitoring the methylation-dependent activation of biologically active peptides, CaaX proteolysis can be indirectly monitored. 17, 18 Direct methods typically track the liberated aaX tripeptide or the processed product using high-performance liquid chromatography (HPLC) or radioactive tracers. 19, 20 A direct assay that monitors cleavage of a quenched fluorogenic K-Ras4b-derived peptide has also been developed. 21 This fluorescence-based assay was used in this study to screen the National Cancer Institute (NCI) Developmental Therapeutics Program (DTP) Diversity Set compound library 22 for smallmolecule inhibitors of yeast Rce1p. This library has been used to identify inhibitors of transcription response pathways, phosphatases, antibiotic-resistant enzymes, and viral DNA synthesis, among other targets. [23] [24] [25] [26] [27] [28] [29] We report the identification of compounds that inhibit the yeast Rce1p CaaX protease and describe the specificity of these compounds in the context of human Rce1p, the yeast Ste24p and ICMT enzymes, and the unrelated proteolytic enzyme trypsin.
EXPERIMENTAL
Yeast strains and plasmids
The yeast strains used in this study were EG123 (MATa trp1 leu2 ura3 his4 can1), SM3614 (MATa trp1 leu2 ura3 his4 can1 ste24∆::LEU2 rce1∆::TRP1), and RC757 (MATα sst2-1). 4, 30, 31 Plasmid-bearing versions of SM3614 were generated according to published methods. 32 Strains were routinely grown at 30 °C using YEPD or synthetic complete dropout (SC-) medium. 33 The plasmids encoding yeast Rce1p (pWS479), human Rce1p (pWS335), yeast Ste24p (pSM1282), and yeast Ste14p (pSM1317) have been reported. 6, 18, 34 pWS270 (CEN URA3 P GAL -GFP-RAS2) was created in 2 steps. First, an EcoRI-BamHI DNA fragment containing GFP (F64L S65T) 35 was isolated from pBS-GFP ++ (gift of E. O'Shea) and subcloned into the same sites of pRS316GU (gift of P. Hieter). Second, a PCR product containing the RAS2 open reading frame and 198 base pairs of its 3′ untranslated region was introduced at the BamHI site by PCR-directed plasmid-based recombination. 36 The PCR product was amplified from YEpRAS2-4 (gift of S. Powers), such that it had 39 base pair extensions on either end that were homologous to the sequences flanking the BamHI cloning junction. In addition, the PCR product contained an XbaI site that immediately preceded the start codon and an NotI site that followed the terminal sequence of the RAS2-encoding fragment.
Substrates, compound library, and other reagents
The Rce1p fluorogenic substrate ABZ-KSKTKC(farnesyl)Q L IM and the Ste24p substrate ABZ-KSKTKC(farnesyl)VIQ L were purchased from AnaSpec (San Jose, CA) and are based on the K-Ras4b C-terminal sequence. ABZ is an o-aminobenzoic acid, and Q L is a lysine ε-dinitrophenyl. The a-factor-based substrate YIIKGVFWD-PAC(farnesyl)VIA was purchased from California Peptide (Napa, CA). Zymolyase 100T for preparation of yeast spheroplasts was purchased from Cape Cod Inc. (East Falmouth, MA). The Diversity Set compound library was obtained through the NCI DTP. Other chemicals, reagents, and enzymes were purchased from a variety of vendors (e.g., Sigma-Aldrich, VWR, Calbiochem).
In vitro fluorescence-based CaaX proteolysis assay
An established fluorescence-based assay was used to monitor CaaX protease activity in the presence of candidate inhibitors. 21, 37 In brief, the assay involves the mixing of a quenched fluorogenic substrate with membranes derived from yeast (SM3614) overexpressing the appropriate CaaX protease. Membranes used as the source of activity were isolated according to our reported methods and stored at -80 °C as 1 mg/ml stocks in lysis buffer (50 mM Tris, pH 7.5, 0.2 M sorbitol, 1 mM EDTA, 0.2% NaN 3 ) containing a protease inhibitor cocktail (chymostatin, leupeptin, pepstatin, aprotinin, and phenylmethylsulphonyl fluoride) that does not inhibit either of the CaaX proteases. 34, 38 The membranes were typically diluted with assay buffer (100 mM HEPES, pH 7.5, 5 mM MgCl 2 ) to 0.5 mg/ml immediately before use. The substrate was diluted to 40 µM from a 1-mM stock prepared in 4% DMSO.
Assay assembly involved the dispensing of 50-µl aliquots of diluted membranes into the wells of a black, clear-bottom, 96-well microplate. This was followed by the addition of each compound to duplicate wells and a 15-min pretreatment incubation at 30 °C. Initial screens were performed using 200 µM, reported as the pretreatment concentration, of each compound. After the pretreatment step, the assay was initiated by adding 50 µl of diluted substrate, resulting in final concentrations of 0.25 mg/ml membrane, 20 µM substrate, and 100 µM inhibitor. The sample fluorescence was measured every 30 to 60 s over a 60-min time course at 30°C using a BioTek Synergy™ HT microplate fluorometer equipped with a 320/420 nm excitation/emission filter set. The collected data were exported to Microsoft Excel and graphed as a function of fluorescence versus time, and the initial velocities were determined. These values were used to calculate the percentage activities relative to a DMSO-treated sample, which was included as a control in each reaction set. In parallel during the primary screen, compounds were mixed with the ABZ fluorophore alone to control for the possibility of compoundinduced quenching effects that would mimic a positive hit. The Z′ factor was calculated using DMSO-treated Rce1p-containing membranes and Rcep1-deficient membranes as the positive and negative controls, respectively, from more than 100 independent measurements collected during the screen. For trypsin assays, trypsin (20 µg/ml final) was added in the presence of yeast membranes devoid of CaaX proteolytic activity (0.25 mg/ml final) to mimic the standard assay conditions. For instances in which detergent effects were tested, Tween-20 (0.007% final) was added to the reaction mixture.
IC 50 determinations and kinetic analyses of inhibitor interactions were conducted using a range of inhibitor concentrations (1-1000 µM for yeast Rce1p, 1-200 µM for Ste24p, and 0.05-100 µM for human Rce1p) and substrate concentrations (1.5-100 µM final), respectively. IC 50 values were determined by graphing initial velocities with the aid of Prism 4.0 (GraphPad Software, Inc.). For determining kinetic parameters, data were analyzed using Prism 4.0 and nonlinear regression methods. Curves were fitted using a 4-parameter logistic equation without constraints.
In vitro α α-factor-based CaaX proteolysis and methylation assays
An assay based on the in vitro production of bioactive a-factor was used to independently confirm the inhibitory properties and specificity of hits obtained from the fluorescence-based screen. 18, 37 The specific steps associated with the assay were as follows. First, CaaX protease-containing membranes, isolated and diluted as described above, were pretreated with 200 µM of compound for 15 min at 30 °C. The inhibitor-treated membranes (10 µl) were dispensed into the wells of a 96-well plate suitable for use in a PCR thermocycler. The proteolytic reaction was initiated by adding an equal volume of the a-factor substrate YIIKGVFWD-PAC(farnesyl)VIA, which was diluted immediately before use to 40 µM using assay buffer (defined above) from a 1-mM stock prepared in MeOH. After a 10-min incubation at 30 °C, the mixtures were heated to 95 °C for 1 min to inactivate enzymatic activity, cooled, and supplemented with a 5X Step 2 Addition mix to initiate methylation of cleaved products. The 5X Step 2 Addition mix was prepared in lysis buffer and contained Ste14p-enriched yeast membranes (0.5 mg/ml) and S-adenosylmethionine (800 µM). The Ste14p membranes were derived from a CaaX proteasedeficient background (SM3614) as previously described. 18 After 60 min of incubation at 30 °C, the methylation reaction was stopped by the addition of copper sulfate (2 mM final). A 2-fold serial dilution series of each sample was prepared in YPD medium, and the dilution series was spotted onto a lawn of RC757 yeast, which undergo growth arrest in the presence of 7 nM or greater concentrations of pheromone. 39 After a 16-to 20-h incubation at 30 °C, the yeast growth patterns were evaluated to determine an activity profile, which was compared with that of a DMSO-treated sample to derive percentage inhibition values.
To determine whether any observed inhibitory effect involved the inhibition of Ste14p ICMT, the standard a-factor assay described above was modified such that the compounds were used to pretreat Ste14p membranes instead of the CaaX protease membranes. The inhibitor concentration during Ste14p pretreatment was twice (400 µM final) that used to pretreat the CaaX proteases, but the final concentration in the fully assembled reaction was unchanged.
Dynamic light-scattering measurements
The propensity for compounds to form colloidal aggregates was evaluated using a dynamic light-scattering (DLS) approach. Compounds prepared as 10-mM stocks in DMSO were diluted to 200 µM into a 3:1 mixture of assay buffer and lysis buffer to mimic the reaction conditions of the fluorescence assay. The samples were centrifuged at 500g for 25 min at room temperature, and the supernatants were subjected to DLS at 30 °C using a DynaPro99 molecular sizing instrument (Protein Solutions, Piscataway, NJ) at 30% and 10% laser power and a total acquisition time of 100 s. Data were analyzed using DYNAMICS version 6.0 software. The mean particle radii were calculated from 3 or more independent sample preparations assuming a spherical shape. The presence of precipitate, which was sometimes observable by the eye, was assessed by a comparison of DLS measurements before and after the centrifugation step. Samples were deemed to have precipitates when the standard deviation value for the estimated particle radius was approximately that of the particle radius value in the prespin samples but was only a fraction of the particle radius in the postspin sample. For the effect of detergents on aggregate formation, Triton X-100 (0.04% final) or Tween-20 (0.007%) was added to the samples and analyzed by DLS.
In vivo analysis of Rce1p inhibitors
Two methods were used to assess the in vivo effects of Rce1p inhibitors. The first was a filter disc assay that was used to determine compound toxicity. In brief, a mid-log culture of yWS133 (EG123 transformed with pWS270) was plated as a thin lawn onto SC-ura, sterile Whatman filter discs (6 mm)
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were applied, and 10-µl volumes of the compounds (1 mM in DMSO) were spotted onto the discs. The plates were incubated for 24 h at 30 °C and scanned to obtain an image of growth observed.
The second in vivo assessment relied on a GFP-Ras2p reporter that is mislocalized in the absence of CaaX proteolytic activity. 3 In brief, mid-log yWS133 cells were treated with 25 µM compound for 1 h, harvested, washed twice with sterile H 2 O, and incubated in SC-ura media containing 2% galactose, 1% glycerol, and 1% ethanol for 6 to 7 h at 30 °C to induce expression of GFP-Ras2p. More than 60% of cells had associated GFP with this protocol. The induced cells were mounted on a microscope slide, and the expression pattern of GFPRas2p was visualized using a Zeiss Axioskop 2 Mot Plus microscope equipped with fluorescence optics. Images were captured at 100× (plan apochromat objectives, numerical aperture 1.4) using an ORCA-AG digital camera (Hamamatsu, Japan) and IPLab Spectrum Software. For each experiment, at least 5 cell fields were taken, from which representative images were selected.
RESULTS
Identification of Rce1p inhibitors by HTS
The effect of compounds from the NCI DTP Diversity Set library on the in vitro activity of Rce1p was monitored using an established 96-well format assay that involves cleavage of a quenched fluorogenic substrate. 21, 37 Under the conditions of the screen, this assay had a calculated Z′ factor of 0.55. Of the 1981 compounds that were evaluated, 46 (2.3% hit rate) were found to inhibit Rce1p to 5% activity or less ( Table 1) . Other less potent inhibitors were also identified but not studied further. The screen was not absolutely comprehensive of the Diversity Set library because a few compounds (approximately 1%) were excluded from analysis. These included compounds observed to have quenching effects, which yield a false positive in this assay, and those observed to strongly fluoresce near the emission wavelength of the ABZ fluorophore.
Confirmation of primary hits using a secondary assay
We have previously observed that the inhibition of Rce1p by tosyl-L-phenylalanyl-chloromethylketone (TPCK) is assay specific. 37 In part, this may be due to the fact that Rce1p is a multisubstrate enzyme having distinct affinities for different substrates and inhibitors. Thus, the hits obtained by high-throughput screening (HTS) using the fluorescence assay were reassessed using a second CaaX proteolysis assay that generates the yeast a-factor mating pheromone in an Rce1p-dependent manner. This assay is not sensitive to the effects of compounds having quenching or autofluorescent properties. The mating pheromone itself is a bioactive peptide that can be detected using a relatively straightforward bioassay. 18, 34, 37 Analysis of the 46 strongest primary hits identified by the fluorescence assay (0%-5% category) revealed that these compounds varied significantly in their ability to inhibit a-factor maturation. Only 20% of the primary hits (n = 9) were confirmed as potent inhibitors of a-factor production (<10% activity; Fig. 2) . Others inhibited only modestly (n = 13; 10%-50% activity), and yet others inhibited poorly or not at all (n = 24; >50% activity) by comparison to a DMSO-treated control. Thus, many of the primary hits from the HTS screen displayed assay-specific effects as previously observed for TPCK. The 9 compounds that potently inhibited Rce1p in both assays were operationally defined as consistently performing inhibitors ( Table 2) .
Additional material of each consistently performing Rce1p inhibitor was obtained from the NCI DTP. The inhibitory properties Compounds were initially evaluated at 200 µM using the fluorescence-based in vitro assay. The strongest set of inhibitors (0%-5% activity remaining) were reassessed using an a-factor-based in vitro assay (bioassay). Compounds that strongly inhibited in the a-factor assay (≤10% activity remaining) were labeled as consistently performing inhibitors. 
For the CaaX proteases, compounds were evaluated at 200 µM (pretreatment condition) using either the fluorescence-based in vitro assay (fluor) or the a-factor-based in vitro assay (bio). For the Ste14p isoprenylcysteine carboxyl methyltransferase, compounds were evaluated at 400 µM using the a-factor assay. NSC, Cancer Chemotherapy National Service Center.
of the new material matched that of the initial set. The structures of the consistently performing compounds were determined by accessing the DTP structure database (Fig. 3) . The compounds range in mass from approximately 300 to 800 Da. Certain conserved structural features were identified. For example, 3 of the compounds (1-3) contain a diphenylmethane substructure. Both compounds 4 and 5 contain a hexachloro-substituted bicycloheptene. Several compounds are metal chelates (compounds 6-9). Compounds 6 and 7 are nearly identical mercury-based, multicyclic ring structures containing purine nucleoside substructures.
These differ from organomercurials previously reported as Rce1p inhibitors. 20, 40 Compounds 8 and 9 contain a pyridine and hydrazinecarbothioate core and are associated with distinct metals.
Consistently performing compounds have micromolar potency against yeast and human Rce1p
The consistent Rce1p inhibitors were evaluated in more detail to determine their in vitro potency against yeast and human Rce1p. The IC 50 value of each compound was determined using the fluorescence-based assay and membranes containing the appropriate CaaX protease (Table 3, Fig. 4) . For yeast Rce1p, the compounds were determined to have IC 50 values at or below 35 µM, with the most potent having a value of 6 µM. The inhibitor profile for human Rce1p, which was expressed heterologously in yeast and recovered as a membrane-bound activity, paralleled that of yeast Rce1p. Generally, the most potent yeast Rce1p inhibitors (e.g., compounds 6-9) were the most potent human Rce1p inhibitors.
Kinetic analysis revealed that the apparent K m of inhibitortreated Rce1p was essentially within the range observed for the untreated enzyme, except for compounds 4 and 6 ( Table 4 ). All compounds reduced the V max of Rce1p below that observed for the untreated enzyme, suggesting that none of the compounds are likely to be reversible competitive inhibitors. Consistent with this observation, extensive washes of inhibitor-treated membranes with buffer did not reverse the inhibition of Rce1p (data not shown).
Certain Rce1p inhibitors inhibit the Ste24p CaaX protease
In addition to Rce1p, Ste24p functions as a CaaX protease.
3,18 These 2 CaaX proteases are believed to have distinct substrates, with the a-factor precursor being the only known exception. To assess the specificity of the consistently performing set of Rce1p inhibitors, the compounds were tested for their ability to inhibit yeast Ste24p using both the fluorescence and a-factor-based assays. For the fluorescence assay, a slightly different substrate was used because quencher position appears to dictate whether the substrate is Rce1p or Ste24p specific. 37 For the a-factor assay, no changes were required because the afactor precursor is a substrate of both CaaX proteases.
Our analysis revealed a wide range of Ste24p inhibition and some assay-specific effects. As evaluated using the fluorescencebased assay, 5 of the consistently performing Rce1p inhibitors (compounds 3-5, 8, and 9) were nonselective and potently inhibited Ste24p (<5% activity remaining; Table 2 ). These compounds also completely inhibited Ste24p-dependent a-factor production. The remaining 4 agents (compounds 1, 2, 6, and 7) varyingly inhibited Ste24p as judged by the fluorescence-based assay (14%-50% activity remaining). Of these, several compounds appeared less potent when evaluated using the a-factor production assay. In the most extreme case (compound 1), no inhibition of Ste24p was observed. The inhibitory properties of the indicated compounds were evaluated using an assay that monitors the in vitro formation of the bioactive afactor mating pheromone. Two-fold serial dilutions of each sample were spotted onto a thin lawn of RC757 (MATα sst2-1) cells that had been spread on a YEPD plate. This MATα background is supersensitive to the mating pheromone and undergoes growth arrest in its presence, as indicated by a zone of no growth (spot) in the lawn. Shown is a representative replicate where either Rce1p (A) or Ste24p (B) was used as the CaaX protease. The compounds are identified as in Figure 3 .
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Certain Rce1p inhibitors inhibit the yeast ICMT
Whereas the fluorescence-based assay directly monitors CaaX proteolysis, the a-factor assay involves a coupled proteolysismethylation reaction that is used to indirectly monitor proteolysis. Therefore, it was a formal possibility that observed reductions in a-factor production seen in the presence of certain compounds could be attributed to the inhibition of the ICMT (i.e., Ste14p) and not the CaaX proteases. To investigate the inhibition of Ste14p, we repeated the a-factor assay but added compounds after the proteolysis step was complete (i.e., during step 2). This analysis revealed a range of activities ( Table 2) . Compounds 1, 2, 6, and 7 did not inhibit Ste14p. The remaining compounds inhibited Ste14p, albeit to different extents. Compounds 3 to 5 modestly inhibited Ste14p. The residual activity was significantly higher than observed when these compounds were added during the CaaX proteolysis step, suggesting that these compounds do indeed inhibit the CaaX proteases. Because the a-factor assay does not allow us to resolve the individual impact of CaaX protease inhibition over that of the ICMT, we assume that the observed inhibition by compounds 3 to 5 is due to synergistic inhibition of both activities. The most potent Ste14p inhibitors were compounds 8 and 9. The decrease in a-factor production observed with these compounds could thus be attributed to specific inactivation of Ste14p. Nonetheless, the further reduced afactor production observed when these compounds were applied during step 1 and the observed inactivation of the Rce1p and Ste24p CaaX proteases in the fluorescence-based assay suggests that these compounds inhibit both CaaX protease and ICMT activities.
Probing the promiscuity of Rce1p inhibitors
High-throughput studies often yield promiscuous agents that target multiple and often unrelated enzymes. To probe this issue further, we investigated whether any of our agents could inhibit trypsin. This enzyme readily cleaves our K-Ras4b-based fluorogenic substrate and can be assayed using reaction conditions identical to those used for monitoring Rce1p and Ste24p activities. At Rce1p IC 50 concentrations, only compounds 3 and 5 moderately inhibited trypsin ( Table 5) . At the higher concentration of 200 µM, compounds 1 and 2 had negligible effects on trypsin activity, whereas the remaining compounds inhibited to varying extents. Of the 9-compound set, compounds 1, 2, 6, and 7 had the least impact on trypsin activity, in good correlation with the modest impact of these agents on Ste24p and negligible impact on ICMT activity. 
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Compounds were evaluated over a range of concentrations with the fluorescence-based in vitro assay using an appropriate combination of CaaX protease and substrate. NA, does not display dose responsiveness consistent with a sigmoidal response. 50 value of each of the 9 compounds was determined using a range of concentrations and the fluorescencebased Rce1p activity assay. Data were plotted using a 4-parameter logistic equation without constraints using GraphPad Prism 4.0.
As another approach to investigate promiscuity, we examined the potential of our agents to form colloidal aggregates. Although the underlying mechanisms of promiscuous inhibitors can vary, aggregate formation has been positively correlated with the inhibitor activity of many promiscuous compounds, including well-known drug agents. 41, 42 Compounds 2, 6, and 7 did not form colloidal aggregates, as judged by DLS ( Table 6 ). These compounds had an average particle radius less than 1 nm, as expected for monomers. The remaining compounds formed aggregates having predicted radii ranging from 57 to 523 nm. Most of the compounds, including those that did not form colloidal aggregates, formed precipitates under tested conditions.
Detergents have the propensity to neutralize the inhibitory properties of aggregation-based promiscuous inhibitors. 41 Some of the aggregating compounds were indeed sensitive to 0.04% Triton X-100, a concentration previously shown to disrupt aggregates of other promiscuous inhibitors ( Table 6) . 43 The disruption of aggregates in our case was dependent on the concentration and type of detergent. For example, compound 3 aggregates were not dissociated by Triton X-100 below 0.04%, whereas compound 5 aggregates were the only ones also readily dissociated by 0.007% Tween-20. With the exception of Tween-20, Rce1p was completely inactivated by several detergents when they were used at their critical micelle concentration (CMC) levels (e.g., Triton X-100, NP-40, and CHAPS), limiting the utility of detergents for investigating inhibitor reversibility. Despite being well tolerated by the assay, Tween-20 at its CMC level was ineffective at reactivating inhibitor-treated Rce1p for all 9 inhibitors (data not shown).
Certain Rce1p inhibitors exert in vivo effects
To assess the in vivo characteristics of the Rce1p inhibitors identified in this study, we performed 2 experiments. The first experiment was used to judge the off-target potential of Rce1p inhibitors by examining their effects on cellular viability. Using yeast as the target organism, cells were exposed to each compound using a filter disc assay. This experiment revealed that a 1-mM concentration of most compounds was toxic, as demonstrated by zones of growth inhibition surrounding the appropriate filter disc (Fig. 5A) . Compound 6 produced the largest zone of growth inhibition, whereas compounds 3 and 5 produced the smallest. No growth inhibition was observed with compounds 1, 2, or 4 or with a DMSO control. Based on these results and the reported observation that Rce1p is a nonessential protein, it is likely that most of our compounds have off-targets that include essential proteins. Compounds were evaluated over a range of concentrations using the fluorescencebased assay and yeast Rce1p. Kinetic parameters were derived using nonlinear regression methods. In a second experiment to assess the in vivo characteristics of Rce1p inhibitors, we determined whether any of the apparently nontoxic compounds could disrupt GFP-Ras2p subcellular localization. This fluorescent reporter is normally localized to the plasma membrane in yeast and is delocalized to undefined endomembrane sites in the absence of CaaX proteolytic activity. 3 Treatment of wild-type yeast with compounds 1 and 2 did not disrupt GFP-Ras2p localization, whereas compound 4 forced a strong GFP-Ras2p delocalization phenotype seemingly identical to that observed in the absence of the CaaX proteases (Fig. 5B , and data not shown). Based on our observations, the most parsimonious interpretation is that compounds 1 and 2 are not readily cell permeable, whereas compound 4 is cell permeable and interferes with the action of the yeast CaaX proteases.
DISCUSSION
This study establishes proof of principle for the high-throughput in vitro identification of small-molecule inhibitors of the CaaX proteases. We expect the core structural scaffolds identified among these compounds to be useful as leads for efforts aimed at developing a highly potent and specific Rce1p inhibitor. Our future studies will address this possibility and will focus on more specific investigations into the mode of action of these inhibitors. We also expect that the assays and methods developed in this study will prove useful for the screening of larger compound libraries, which may ultimately yield even better structural scaffolds. In addition, our study strongly suggests that pharmacological inactivation of the CaaX proteases is possible, as demonstrated using our yeast system. Because delocalization of Ras and other isoprenylated proteins has been observed in rce1 -/-mammalian cells 44, 45 and human Rce1p is equally sensitive to the yeast Rce1p inhibitors identified in this study, it seems plausible that our newly identified agents will exert similar pharmacological effects in mammalian systems.
An important aspect of this study is that it addresses the specificity of our newly identified Rce1p inhibitors in the context of other enzymes that are involved in CaaX protein maturation (i.e., Ste24p and Ste14p). The impact of previously reported Rce1p inhibitors on Ste24p and Ste14p function has generally not been addressed. Clearly, our observations establish that Rce1p inhibitors have the potential to interfere with other enzymes in the CaaX protein maturation pathway. This issue is well worth considering for future Rce1p drug design strategies because loss of Ste24p function is associated with disease phenotypes, including a progeroid syndrome. 15 The specificity of compounds for multiple enzymes in the CaaX protein modification pathway is not entirely unexpected because agents that inhibit both the human farnesyltransferase and human Rce1p have been reported.
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Of the set of Rce1p-selective compounds, only compound 1 was prone to colloidal aggregation. Although several aggregators (e.g., clotrimazole, nicardipine, glyburide, and mefanamic acid) are known to inhibit membrane proteins (i.e., the sterol demethylase, Ca 2+ channel, K + channel, and cyclooxygenase, respectively), our results establish for the first time that an aggregator can inhibit membrane-bound proteolytic activity. Our data also support that compound 1 is relatively target specific, unlike the aforementioned aggregators that are known to be promiscuous. Although aggregation-based inhibitors are generally promiscuous, aggregators that are enzyme specific have been identified. 46 Importantly, it remains to be formally resolved whether the colloidal aggregate or monomeric form of compound 1 is the inhibitory component of this agent. Because our assay is performed at a relatively high protein concentration (0.5 mg/ml at the time of compound treatment), and high protein milieus are known to neutralize aggregation-based inhibitors, the monomeric form of compound 1 could in fact be responsible for the inhibition that we observe with this compound. 43 Unfortunately, the aggregation state of compound 1 could not be assessed in the presence of Rce1p-containing membranes because samples of particulate membrane material (0.25 mg/ml) overloaded the detector of our DLS instrument at its lowest sensitivity setting.
Some of the compounds identified in this study have been previously documented to inhibit enzymatic activities and to exert physiological effects not readily linked to CaaX proteolysis. In some instances, they have even been pursued as chemotherapeutic agents. 29, [47] [48] [49] For example, compound 4 has been identified as an inhibitor of DNA topoisomerase activity. 50 Ultimately, it will be interesting to determine whether these compounds mediate part or all of their reported physiological effects through inhibition of postisoprenylation-modifying enzymes. For the present, this study has yielded compounds that represent new and useful tools for the in vitro and in vivo characterization of Rce1p and possibly other enzymes required for the production of isoprenylated proteins.
